Keeley TM, Samuelson LC. Cytodifferentiation of the postnatal mouse stomach in normal and Huntingtin-interacting protein 1-related-deficient mice.
THE STOMACH IS COMPOSED OF a columnar epithelium organized into gastric glands that invaginate from surface pits down into the mesenchyme. These glands contain a number of epithelial cell types, which are continuously replenished throughout the life span of the organism. In the mouse stomach, the acidsecreting corpus contains four distinct cell lineages that arise from stem and progenitor cells in the isthmus region: surface mucous, parietal, enteroendocrine, and mucous neck-zymogenic. Each lineage forms differentiated secretory cells with distinctive migration properties and turnover rates to maintain homeostasis of the mature gastric gland. The cellular lineages in the corpus of the adult mouse stomach were described in a series of elegant ultrastructural studies performed by . These studies demonstrate that the surface mucous cells migrate from the progenitor cell zone up to the pit region lining the lumen. These cells secrete protective mucus and turn over every 3 days (15) . The acid-secreting parietal cells migrate bidirectionally from the progenitor zone with a 54-day turnover rate and are a predominant cell type throughout the central region of the gland (13) . The enteroendocrine cell lineage includes a number of different subtypes, including the histamine-secreting enterochromaffin like (ECL) cell, which is abundant in the base region, with an estimated turnover rate of 2-3 mo (17) . Cells of the mucous neckzymogenic cell lineage exhibit different features as they migrate from the stem cell zone through the neck region and into the base. In the neck region, the cells are intercalated among the parietal cells and express mucous cell markers mucin (Muc)-6 and trefoil factor 2 (TFF2) (1) . Mucous neck cells migrate through the neck region over a 2-wk period into the base, whereupon they differentiate into digestive enzymesecreting zymogenic cells with a life span of several months (16) . At the neck-base boundary, rare transitional cells, which express markers of mucous neck and zymogenic cells, are present (16, 28) .
Parietal cells appear to be critical regulators of cellular homeostasis in the gastric gland. Numerous studies have revealed that mouse mutants with parietal cell loss or dysfunction exhibit decreased numbers of zymogenic cells (8, 21, 31) . Zymogenic cell loss is accompanied by expansion of a dysplastic cell type, i.e., spasmolytic polypeptideexpressing metaplasia (SPEM), which shares features with cells of the mucous neck-zymogenic lineage, including expression of TFF2 (25) . SPEM can be rapidly induced, as demonstrated when mice are treated with the parietal cell toxin DMP 777. The parietal cell death induced by this protonophore leads to rapid loss of zymogenic cells within 1 day and expansion of the metaplastic TFF2-expressing SPEM lineage within 10 days (25) . Parietal cells are known to secrete a variety of growth factors, including EGF family ligands (amphiregulin, heparin-binding EGF, and TGF␣), parathyroid hormone-like hormone, sonic hedgehog, and VEGF-B (9, 10, 23, 38) . Thus SPEM might result from the loss of a parietal cell-derived factor required for proper development of cells in the mucous neck-zymogenic lineage, although this parietal cell factor has not been identified. In addition, loss of parietal cells and reduced acid secretion are commonly associated with Helicobacter sp. infection and inflammation; thus inflammatory mediators may also play a role in the epithelial cell remodeling observed with parietal cell atrophy (12, 32) . SPEM formation after parietal cell atrophy has been described in mice, as well as humans, in association with the cellular transformation events observed with the development of gastric cancer (35) .
We recently described a mouse mutant that undergoes apoptotic death of parietal cells due to absence of the F-actin-and clathrin-binding protein Huntingtin-interacting protein 1-related (Hip1r). Hip1r is abundantly expressed in parietal cells, where it appears to play a critical role in the vesicular trafficking associated with acid secretion (8) . Although Hip1r is largely parietal cell-specific in the oxyntic mucosa, Hip1r-deficient mice exhibited a multifaceted cellular transformation involving several different gastric epithelial cell lineages, including glandular hyperplasia with increased cellular proliferation, increased numbers of surface mucous cells, loss of zymogenic cells, and extensive SPEM. The alterations to the mucous neck and zymogenic cells are of particular interest in light of the parietal cell defect in this mutant (28) . The reduced numbers of zymogenic cells and the appearance of SPEM may be due to the apoptotic loss of parietal cells (8) .
The cellular transformation observed in adult Hip1r-deficient mice involves many cell types, with severity increasing with age, making it difficult to understand the underlying mechanisms for changes in individual lineages. Accordingly, this study focused on gastric cytodifferentiation in developing Hip1r-deficient stomach to understand the timing of the various lineage disruptions. Although the epithelial cell lineages in the adult stomach have been well established, the cellular composition of the developing mouse stomach is less well described. In rodents, gastric gland morphogenesis takes place after birth, with secretory function maturing during the first few postnatal weeks (7, 11, 18, 19) . In this study, we examined the postnatal development of the major epithelial cell lineages in the oxyntic mucosa of wild-type (WT) and Hip1r-deficient mice from birth to 8 wk of age to encompass the critical timing of cellular differentiation of the gastric glands. The results support the hypothesis that parietal cell loss initiates the other cellular changes in the Hip1r-deficient stomach, consistent with the conclusion that parietal cells are critical for normal development and homeostasis of the gastric epithelium.
MATERIALS AND METHODS
Mice. The Hip1r-deficient mice were on a mixed 129X1 and C57BL/6 strain background (10); WT mice were C57BL/6 strain. Mice were housed in ventilated and automated-watering cages under specific pathogen-free conditions. Preweaned [newborn (P0) to 3-wkold] mice were freely fed before euthanasia, while older mice (5-to 8-wk-old) were fasted overnight with free access to water prior to use. Male and female mice were studied. Use of the mice was approved by The University of Michigan Committee on Use and Care of Animals.
Gastric acid content. Stomachs were removed from 1-wk-old WT and Hip1r-deficient mice (n ϭ 3-4) and cut along the greater curvature, and contents were collected by rinsing in 2 ml of 0.9% NaCl (pH 7.0). Acid content was measured by titration, as described elsewhere (22) , and values were normalized to body weight (kg). The body weight of WT and Hip1r-deficient mice did not differ.
Histological analysis. Stomachs were removed and fixed in 4% paraformaldehyde, as described previously (22) . Paraffin sections (4 m) were stained with hematoxylin and eosin (H&E) for evaluation of general histology. For Oil Red O staining, gastric cryosections were fixed in 4% paraformaldehyde for 5 min, and staining was performed using the Oil Red O solution and the propylene glycol method described by the manufacturer (H-504, Rowley Biochemical). Specific gastric cell types were identified by immunostaining for H ϩ -K ϩ -ATPase ␣-subunit (1:1,000 dilution of mouse monoclonal antibody; Medical and Biological Laboratories), Muc5AC (1:75 dilution of mouse monoclonal antibody; Novocastra), chromogranin A (CgA, 1:500 dilution of 94188/5, a gift from J. F. Rehfeld), EGF (1:10 dilution of mouse monoclonal antibody; Chemicon), TFF2 (1:100 dilution of heat shock protein-IgM; gift from Nicholas Wright, Barts and London School of Medicine and Dentistry), and intrinsic factor (IF, 1:2,000 dilution of rabbit anti-human IF; gift from David Alpers, Washington University, St. Louis, MO). Griffonia simplicifolia lectin II (GSII) staining (1:1,000 dilution of Alexa 488-conjugated GSII; Vector Laboratories) was also used for mucous neck cells. Primary antibody staining overnight (72 h for EGF) at 4°C, secondary antibody use, counterstaining, nuclear 4,6-diamidino-2-phenylindole dihydrochloride staining, and imaging by digital microscopy were performed as previously described (22) .
Triple staining for IF, GSII, and H ϩ -K ϩ -ATPase ␣-subunit was performed by first immunostaining for IF (1:1,000 dilution) for 2 h at room temperature, rinsing in 0.01% Triton X-100 in PBS (TPBS), staining with GSII lectin for 1 h at room temperature, rinsing again in TPBS, and then immunostaining for H ϩ -K ϩ -ATPase ␣-subunit overnight at 4°C. Secondary antibody staining with donkey anti-rabbit Cy3 and donkey anti-mouse Alexa 647 was performed simultaneously (1:400 dilution; Jackson ImmunoResearch Labs and Invitrogen, respectively). Results were visualized using a confocal microscope (model FV500, Olympus).
Analysis of proliferation and apoptosis. For analysis of proliferation, mice were injected (50 mg/kg ip) 1.5 h before euthanasia with 5-bromo-2-deoxyuridine (BrdU; Sigma) freshly prepared in normal saline (0.9% NaCl, pH 7.0). Proliferating cells were identified in paraffin sections by immunostaining for BrdU (1:50 dilution of mouse monoclonal antibody; Dako). Apoptotic parietal cells were identified by costaining for cleaved caspase-3 (1:50 dilution of rabbit monoclonal antibody; Cell Signaling) and H ϩ -K ϩ -ATPase ␣-subunit (1:100 dilution), as described elsewhere (8) . Apoptotic zymogenic cells were identified by first immunostaining for IF (1:250 dilution of goat anti-human IF; gift from David Alpers) for 2 h at room temperature and then for cleaved caspase-3 overnight at 4°C. Secondary antibody staining with donkey anti-rabbit Cy3 and donkey anti-goat Cy2 was performed simultaneously (1:400 dilution; Jackson ImmunoResearch Labs). For identification of apoptotic mucous neck or transition cells, sections were triple-stained for cleaved caspase-3, IF, and GSII lectin by first immunostaining for caspase-3 overnight at 4°C, rinsing in 0.01% TPBS, and then incubating with IF for 2 h at room temperature, rinsing in 0.01% TPBS, and GSII staining for 1 h at room temperature. Secondary antibody staining with donkey anti-rabbit Alexa 555 and donkey anti-goat Alexa 647 was performed simultaneously (1:400 dilution; Invitrogen). Results were visualized by confocal microscopy.
Morphometric analysis. Image J [version 1.34u, Wayne Rasband, National Institutes of Health (http://rsb.info.nig.gov/ij/)] was used to calculate epithelial area from five to nine field views per animal (n ϭ 3 animals per age and genotype). The number of H ϩ -K ϩ -ATPase ␣-subunit-positive cells was counted, and data were expressed as number of positive cells per area of epithelium (m 2 ). Quantitative RT-PCR measurement of mRNA abundance. RNA was isolated from WT and Hip1r-deficient whole stomach (P0 and 1 wk old) or gastric corpus (3, 5, and 8 wk old, n ϭ 3-9 per genotype), as previously described (22) . RT reactions were performed with iScript (Bio-Rad) according to the manufacturer's instructions, and triplicates for each sample were amplified by PCR to measure specific mRNA concentrations (9) . The primer sequences for PCR amplification are listed in Supplemental Table S1 . Expression levels were normalized to the expression of Gapdh, which remained the same in WT and Hip1r-deficient samples. All quantitative RT-PCR (qRT-PCR) assays were validated by PCR of a dilution series to confirm appropriate quantitative amplification, and reaction specificity was confirmed by sequencing the amplicons.
Statistics. GraphPad Prism software was used for statistical analysis and preparation of graphs. Quantitative data are presented as means Ϯ SE and analyzed by Student's t-test to compare Hip1r-deficient with WT mice for each age group. P Ͻ 0.05 was considered significant.
RESULTS

Postnatal glandular morphogenesis.
The gastric glands were rudimentary in newborn mouse stomach. Mature cell types, such as parietal cells and zymogenic cells, normally recognized by their distinctive H&E staining properties in adult stomach, were not apparent. Instead, the epithelium was composed of small glands of seemingly immature cells containing little cytoplasm, together with a distinctive surface cell type with abundant cytoplasm containing vacuoles and a basolaterally located nucleus (Fig. 1A) . Proliferating cells in newborn stomach were scattered throughout the rudimentary glands, with the exception of surface cells, which were never observed to be BrdU-positive ( Fig. 2A) . The appearance of the newborn Hip1r-deficient stomach was similar to WT (Fig. 1E ). This is in marked contrast to the extensive epithelial cell changes observed in the adult Hip1r-deficient mouse stomach (8) .
Despite the prevalent cell proliferation observed in the newborn stomach, the stomach mucosa was similar in height at 1 wk of age, suggesting that as the overall size of the stomach grew, most newly formed cells contributed to increased numbers of gastric glands, rather than to increased gland height (Fig. 1 , compare A with B). Some cellular maturation was apparent at 1 wk, with cells exhibiting parietal cell-like morphology, including centrally located nuclei and eosinophilic cytoplasmic staining, although these cells were very small compared with parietal cells in the mature stomach (Fig. 1, compare B with C, arrows). The unusual surface cell type was maintained at 1 wk, with increased numbers of cytoplasmic vacuoles. H&E staining appearance and BrdU incorporation were similar in the 1-wk-old Hip1r-deficient and WT mouse stomach ( Fig. 1F ; data not shown). By 3 wk of age, WT mouse gastric glands had lengthened, with features of mature glands, including zonation into pit, isthmus, neck, and base regions. Mature-looking parietal cells were abundant in the midsection, and zymogenic cells were apparent at the base of the glands, as is normally observed in adult stomach (Fig. 1C) . The unusual surface epithelial cells seen in young (P0 and 1-wk-old) stomach were replaced with cells that exhibited the characteristic morphology of normal adult surface mucous cells. Analysis of proliferation demonstrated that the proliferative isthmus zone was emerging at 3 wk of age, although some proliferating cells were still observed toward the base of the glands (Fig. 2C) . The overall glandular morphology was similar in 5-wk-old WT mice, with further cellular maturation suggested by increased parietal cell size, expansion of zymogenic cells (Fig. 1D) , and restriction of proliferating cells to the isthmus (Fig. 2D) . Histological abnormalities were evident in H&E-stained Hip1r-deficient stomach by 3 wk of age. The mutant stomachs contained fewer and smaller parietal cells with irregular shapes (Fig. 1G, arrows) . In addition, the surface mucous cell population appeared to be expanded in the mutant stomach. Both features progressed and were more prominent at 5 wk of age (Fig. 1H) .
Unusual surface epithelium in young mice. The unusual surface epithelium in young (P0 and 1-wk-old) mice was further studied to understand its relationship to the mature surface mucous cell lineage. Oil Red O staining revealed that the vacuoles observed in H&E-stained sections (Fig. 1 , arrowheads) were filled with lipid, suggesting that these cells were absorbing dietary fats (Fig. 3A) . The mature surface mucous cell marker Muc5AC was examined to define the timing of emergence of the mature cell type. Consistent with the distinct cellular morphology of the surface mucous cells, Muc5AC mRNA was not detected until 3 wk of age (Fig. 3B ). This pattern was confirmed by immunostaining, with surface staining absent from young (P0 and 1-wk-old) mice and present at 3 wk of age ( Fig. 3 ; data not shown). Activation of Muc5AC expression marks the timing of the morphological appearance of mature-looking surface mucous cells observed with H&E staining (Fig. 1C) . Together, these results demonstrate that the surface epithelium of the newborn mouse stomach is composed of a distinct, possibly absorptive, lineage that is replaced by the mature mucous-secreting cells as the glands mature. Analysis of Hip1r-deficient mice showed a similar pattern of replacement of absorptive surface cells with Muc5AC-expressing cells, with maturation of the gastric glands at 3 wk of age (Fig.  3 ). In addition, as suggested from the H&E-stained sections, the Muc5AC-expressing surface mucous cells were expanded in 5-wk-old Hip1r-deficient mice (Fig. 3H) . Although the histological data suggested increased Muc5AC protein staining in surface mucous cells in Hip1r-deficient mice, Muc5AC mRNA abundance was unchanged in the mutant mice (Fig.  3B) , suggesting that RNA abundance and protein content do not directly correspond.
Parietal cell apoptosis in Hip1r-deficient mice. Immunostaining for the ␣-subunit of the H ϩ -K ϩ -ATPase proton pump was performed to examine parietal cell development in WT and Hip1r-deficient mice. Although parietal cells were not recognized in the H&E-stained newborn stomach, H ϩ -K ϩ -ATPase-immunopositive cells were observed (Fig. 4, A and B) . However, the immunostained cells in the newborn stomach were very small and did not have the distinctive "fried egg" morphology characteristic of mature parietal cells. Numbers of H ϩ -K ϩ -ATPase-positive cells were similar in newborn Hip1r-deficient and WT mouse stomach. Parietal cells in adult Hip1r-deficient mice had previously been shown to undergo apoptotic cell death (8); thus we examined newborn stomach for apoptotic cells by coimmunostaining for activated caspase-3 and H ϩ -K ϩ -ATPase. Numerous costained apoptotic parietal cells were observed in the newborn Hip1r-deficient mouse stomach, while activated caspase-3-expressing cells were not observed in WT mice (Fig. 4, C and D) . Apoptotic parietal cells were observed in Hip1r-deficient mouse stomach at all ages (data not shown).
Reduced parietal cell numbers and fragmented morphology were apparent in 3-wk-old Hip1r-deficient mouse stomach (Fig. 4, E and F) . The dynamic changes in parietal cell development and cell death were further examined by measurement of H ϩ -K ϩ -ATPase mRNA abundance. The results showed that expression increased with glandular maturation in WT stomach, with adult levels observed at 3 wk of age (Fig.  4G) . In contrast, H ϩ -K ϩ -ATPase mRNA in Hip1r-deficient mice was markedly reduced, consistent with the apoptotic parietal cell loss. Morphometric analysis showed similar numbers of parietal cells in Hip1r-deficient and WT mice in immature (P0 and 1-wk-old) glands; however, parietal cell numbers were decreased at 3 wk of age, consistent with the profile of H ϩ -K ϩ -ATPase mRNA abundance (Fig. 4I) . Although parietal cell numbers and H ϩ -K ϩ -ATPase mRNA abundance were similar to controls in 1-wk-old Hip1r-deficient mouse stomach, parietal cell function was impaired, as demonstrated by a significant reduction in acid content in the mutant stomach (Fig. 4H) . Thus Hip1r plays a critical role in acid secretion in the immature parietal cells in very young mice.
Endocrine cell lineage development. Staining for the panendocrine marker CgA demonstrated scattered cells at the base of the rudimentary glands in newborn mouse stomach, with apparently similar numbers of immunostained cells in WT and Hip1r-deficient mice (Fig. 5) . Analysis of CgA mRNA expression showed modest expression in newborn through 3 wk of age, with a marked increase observed in 5-and 8-wk-old samples in WT and Hip1r-deficient stomach (Fig. 5C ). Analysis of expression of the ECL cell-specific marker histidine decarboxylase showed a similar pattern, with marked increases in expression after 3 wk (Fig. 5D ). These data suggest that enteroendocrine cells are formed in the newborn stomach, with marker expression reaching steady-state mature levels after the mice are Ն2 mo of age.
Mucous neck-zymogenic cell lineage development. To characterize the mucous neck-zymogenic cell lineage during gastric glandular morphogenesis, we triple-stained the different-aged stomachs with GSII lectin and antibodies to IF and H ϩ -K ϩ -ATPase ␣-subunit to simultaneously detect markers for mucous neck, zymogenic, and parietal cells, respectively. The newborn stomach showed abundant staining of mucous neck cell (GSII lectin) and zymogenic cell (IF) markers at the base of the rudimentary glands (Fig. 6) . Surprisingly, we observed only double-stained cells, instead of the single-positive mucous neck and zymogenic cells observed in the mature stomach. Thus the double-stained "transitional" cell appears to be the first zymogenic lineage cell type formed during gastric gland development. Confocal analysis of these double-stained cells in the newborn stomach revealed that GSII and IF were present in distinct vesicles (Fig. 6, insets) . In contrast, H ϩ -K ϩ -ATPase was expressed in different cells (Fig. 6, arrows) , demonstrating that the parietal and neck-zymogenic lineages were distinct. By 1 wk of age, single-positive cells expressing only GSII or IF were observed; however, numerous double-stained cells remained (data not shown). By 3 wk of age, the mature pattern, characterized by abundant cell populations staining with GSII or IF and only rare double-staining transitional cells, was observed in WT stomach (Fig. 6C, arrowheads) .
The early neck-zymogenic lineage in the developing Hip1r-deficient mouse stomach was similar to that in the WT mouse stomach, with only GSII-IF double-stained cells detected in newborn stomach and single-stained mucous neck cell or zymogenic cells apparent by 3 wk of age (Fig. 6, B and D) . However, the development of the mature mucous neck and zymogenic cells seemed stunted in the mutant stomach, with increased numbers of double-stained transition cells and fewer single IF-stained zymogenic cells in older (3-to 8-wk-old) mice ( Fig. 6D; data not shown) .
Analysis of IF mRNA abundance by qRT-PCR showed significantly reduced expression of this zymogenic cell marker in the Hip1r-deficient mouse stomach starting at 3 wk of age (Fig. 7A) . Consistent with this result, histological staining showed decreased numbers of IF-stained cells in the Hip1r-deficient stomach (Figs. 6 and 7) . To determine whether apoptotic zymogenic cell loss in Hip1r-deficient mice was a mechanism for fewer cells and lower IF expression, we costained for IF and activated caspase-3. Apoptotic zymogenic cells were detected in Hip1r-deficient mice at 3 wk of age (Fig.  7C, arrowheads) , suggesting that cellular remodeling in the mutant mouse includes loss of zymogenic lineage cells by apoptosis. Cells costaining for IF and caspase-3 were observed in stomachs of older mutant (5-and 8-wk-old) mice as well, but not in stomachs of young (P0 and 1-wk-old) Hip1r-deficient mice (data not shown). Apoptotic zymogenic cells were never observed in WT stomach. To determine whether mucous neck or transition cells in Hip1r-deficient mice were also apoptotic, we triple-stained 3-and 5-wk-old stomachs for active caspase-3, IF, and GSII lectin. The results showed caspase costaining limited to IF-positive cells, but no caspase-3-positive GSII-labeled cells (data not shown). Thus only mature zymogenic cells, and not mucous neck or transition cells, were undergoing apoptotic cell death in the Hip1r-deficient mouse stomach.
Several different EGF family members are expressed in the gastric epithelium. We examined EGF ligands, including EGF, amphiregulin, betacellulin, heparin binding-EGF, and TGF␣, as well as their receptor (EGFR), in WT and Hip1r-deficient mice at 5 wk of age by qRT-PCR measurement of mRNA abundance. With the exception of EGF, which was dramatically reduced in the Hip1r-deficient stomach, mRNA levels for the other ligands and the receptor were similar in the mutant and WT mice ( Fig. 7D ; data not shown). Further analysis of EGF mRNA abundance at all ages demonstrated abundant EGF expression in WT mice, with strong induction observed between 3 and 5 wk of age. In contrast, EGF expression in the mutant mouse was markedly reduced (Fig. 7D) . The cellular source of EGF in the stomach had not been previously described; thus we stained gastric sections with an antibody to EGF and noted localization to cells in the base of the glands. Furthermore, coimmunostaining with antibodies to IF demonstrated that EGF is specifically expressed in zymogenic cells in the mouse stomach (Fig. 7E) . Reduced number of EGF-expressing cells in Hip1r-deficient mice is consistent with the apoptotic loss of zymogenic cells in the mutant stomach (Fig. 7F) .
Development of SPEM and glandular hypertrophy in Hip1r-deficient mice. As Hip1r-deficient mice age, they develop a progressive mucous cell transformation (8) . This aberrant mucous cell lineage shares features with the metaplastic lineage SPEM. We tested the timing of SPEM development in the Hip1r-deficient mice by immunostaining for TFF2. The results showed increased numbers of TFF2-positive cells emerging in the mutant stomach at 5 wk of age (Fig. 8) . This feature was consistently observed in the more mature Hip1r-deficient mice, but not in mice younger than 5 wk of age. The delayed development of SPEM is consistent with the notion that this is a secondary response to the parietal cell changes.
Previous studies demonstrated increased proliferation and glandular hypertrophy in adult Hip1r-deficient mice (8) . To determine the timing of these alterations in the mutant stomach, we examined gland length and proliferation in the various ages. Analysis of H&E-stained paraffin sections and measurement of proliferation by BrdU staining showed that these features did not emerge until after 5 wk of age (Figs. 1 and 2 ). Since we previously showed that hypergastrinemia was responsible for increased proliferation and glandular hypertrophy in 2-to 3-mo-old Hip1r-deficient mice (8), we measured gastrin mRNA levels by qRT-PCR to determine the timing of increased expression. Gastrin transcripts in WT stomach increased steadily after birth, achieving mature levels by 3 wk of age (Fig. 8C) . In the Hip1r-deficient stomach, gastrin mRNA levels were similar to WT before weaning but differed markedly after 3 wk of age, with increased expression as the animals matured. The increased gastrin expression and subsequent increases in glandular proliferation induced by hypergastrinemia are also likely secondary responses to the loss of parietal cell acid secretion. 
DISCUSSION
This study investigated the process of epithelial cell growth and differentiation in the postnatal mouse stomach to follow gastric gland formation in the acid-secreting corpus of WT and Hip1r-deficient mice. Gastric epithelial cytodifferentiation is initiated in mid-to-late gestation, with expression of gastric lineage markers first detected at embryonic day 15.5-16.5 in the mouse (26, 30) . However, cells expressing differentiated cell markers remain immature for several days while the stomach mucosa undergoes active proliferation during the period of rapid organ growth. The newborn mouse stomach is composed of rudimentary glandular buds containing scattered, small cells that express low levels of the mRNA markers for three of the four mature lineages and stain for the parietal cell marker H ϩ -K ϩ -ATPase, the endocrine cell marker CgA, and the mucous neck-zymogenic lineage markers GSII lectin and IF. Although the cells in the rudimentary gastric glands of the perinatal mouse appear immature, there is modest differentiated cell function. Low levels of acid secretion and pepsin activity have been described in young rat stomach (7, 11) , and in this study we detected changes in gastric acidity in the Hip1r-deficient mouse at 1 wk of age, consistent with reduced parietal cell function in the mutant.
The mouse stomach matures in the late suckling period, with glandular morphogenesis completed near the time of weaning at 3 wk of age (18, 19) . This timing coincides with the general timing of maturation of digestive function in other gastrointestinal tissues, including salivary glands, intestine, and pancreas, with digestive enzymes commonly induced during the late suckling period (7) . This timing in the mouse corresponds to the dietary transition at the time of weaning, although studies have implicated hormonal control by glucocorticoids and thyroxine, and not diet, as important regulators of the maturation process (7, 11) . Although the basic cellular architecture of the gastric glands is established by 3 wk of age in the mouse, our analysis of lineage markers demonstrated that the timing of maturation for each of the four gastric lineages is not synchronous. A summary of our findings of the cellular development of WT stomach during the suckling period is presented in Table 1 . Parietal cells are the first to mature, with adult levels of H ϩ -K ϩ -ATPase mRNA detected once the glands are formed at 3 wk of age. However, the other gastric lineages exhibited a slower developmental time frame, with mRNA levels for cell-specific markers reaching a plateau sometime around or after 8 wk of age. Thus studies of adult stomach should be performed on mice over 2 mo of age to ensure full maturity of the oxyntic mucosa.
The gastric surface cell population undergoes a dramatic remodeling during the suckling period. Our analysis showed that the young (P0 and 1-wk-old) mouse stomach contains an apparently absorptive cell type that is replaced by mature surface mucous cells as glandular morphogenesis proceeds. Previous studies noted the presence of lipid droplets in the cytoplasm of gastric surface cells in suckling rats and mice, which appear to form upon absorption of medium-chain fatty acids (3, 6) . How this absorptive surface cell type relates to the Comparison of the cellular composition of the developing Hip1r-deficient mouse stomach with that of the developing WT mouse stomach provided insight into the cellular events leading to the gastric epithelial cell transformation previously described for this mutant. Hip1r, together with Hip1, comprises a family of F-actin-and clathrin-binding proteins that function broadly in membrane trafficking (5) . Hip1r is abundantly expressed in the gastric parietal cell, localizing to the acidsecreting canalicular membranes; accordingly, loss of Hip1r results in alterations in parietal cell vesicular trafficking and acid secretion (8) . However, the cellular changes in the adult Hip1r-deficient mouse stomach are multifaceted, including glandular hypertrophy, loss of zymogenic cells, and expansion of an aberrant mucous neck cell population, in addition to dysfunction and apoptotic loss of parietal cells (8) . In contrast to the severe epithelial cell changes observed in adult Hip1r-deficient mouse stomach, changes in the immature mutant stomach were initially limited to parietal cell apoptosis and reduced acid secretion; alterations in the other epithelial cell lineages were not apparent until later ages. These data, which are summarized in Table 2 , suggest that the primary defect in the Hip1r-deficient mouse stomach is at the level of the parietal cell, with more widespread epithelial cell transformation developing over time as a consequence of parietal cell loss or dysfunction.
Parietal cells are critical for the development and maintenance of the mucous neck-zymogenic cell lineage. Mouse models with parietal cell loss show reduced numbers of zymogenic cells and expansion of an aberrant mucous neck cell population termed SPEM. These cellular changes have been observed in models of acute parietal cell loss resulting from the toxin DMP 777 (25) , with parietal cell atrophy associated with Helicobacter infection (33) or parietal cell dysfunction resulting from autoimmune destruction (22) or apoptotic cell loss (8) . The critical function provided by the parietal cell has not been described. However, the parietal cell is known to be the source of several different growth factors, including EGF ligands, parathyroid hormone-like hormone, and sonic hedgehog (10, 37) . A recent report of the phenotype of parietal cell-specific loss of sonic hedgehog demonstrated a complex cellular phenotype that included reduced numbers of zymogenic cells and increased numbers of GSII-IF double-staining cells, both of which were observed in the Hip1r-deficient mouse (36) . The similar cellular changes suggested that reduced sonic hedgehog resulting from parietal cell loss might be the mechanism of the mucous neck-zymogenic lineage changes in the Hip1r-deficient mouse. However, analysis of hedgehog pathway signaling in Hip1r-deficient mice by measurement of ligand (sonic and Indian hedgehog) and target (Gli1 and Patched1) gene expression did not show reduced levels (data not shown). Thus it is unlikely that reductions in hedgehog signaling are responsible for the secondary cellular remodeling subsequent to parietal cell dysfunction in the Hip1r-deficient mouse.
We observed increased surface mucous cell staining in Hip1r-deficient mice as they aged (Ͼ5 wk). Overexpression of the EGF ligand TGF␣ is known to induce an expansion of this cell population in transgenic mice and in patients with Ménétrier's disease (2, 4, 29) . However, we determined that expression of TGF␣ or other EGF ligands is not increased in Hip1r-deficient mice, which, instead, exhibit a specific reduction in EGF resulting from the loss of zymogenic cells (Fig. 7) . Previous studies by the Goldenring group (24, 27) demonstrated apparently normal gastric gland development in the basal state in mouse strains with reduced EGF receptor signaling due to loss of specific ligands or to a hypomorphic receptor mutation. However, some, but not all, of these mutant strains are more sensitive to SPEM induction after treatment with the parietal cell toxin DMP 777 (24, 27) . Perhaps the loss of EGF in the Hip1r-deficient mice may contribute to the spontaneous development of SPEM that we observed. High levels of gastrin have also been demonstrated to induce surface mucous cell hyperplasia (20, 34) . Thus our observation that increased gastrin expression occurred simultaneously with increased Muc5AC staining suggests that hypergastrinemia may be the primary cause of the expansion of this cell lineage.
Our study made the novel finding that the initial cell type formed during the development of the mucous neck-zymogenic lineage coexpresses markers of mucous neck cells (GSII lectin) and zymogenic cells (IF). Only GSII-IF double-staining cells were observed in the newborn mouse stomach, with singlepositive cells starting to emerge by 1 wk of age. In contrast, adult stomach has been described to first form a progenitor cell population of mucous neck cells, which develop into zymogenic cells as they transition to the base of the gastric glands (16) . The transition from mucous neck cell to zymogenic cell is marked by a cell type that expresses GSII and IF, similar to Cell lineage changes were assessed by comparison of cell type-specific mRNA abundance and histochemical staining properties of Huntingtin interacting protein 1-related (Hip1r)-deficient mice with wild-type mice. TFF2, trefoil factor 2. *Earliest detected cellular difference between Hip1r-deficient and wild-type stomach.
the immature cell we describe in the perinatal stomach (28) . Interestingly, SPEM development also includes activation of double-staining cells (35) . The relationship between the GSII-IF double-staining cells in the immature perinatal stomach, the double-staining transition cells in the adult, and the double-staining cells observed with SPEM are unknown. However, it is interesting to speculate that loss of a parietal cell factor may cause zymogenic cells to revert to a double-staining immature cell type as one aspect of SPEM development. We also observed apoptotic cell death of zymogenic cells in Hip1r-deficient mice, suggesting that cell death, as well as possible cellular dedifferentiation or transdifferentiation, may explain the zymogenic cell response to parietal cell dysfunction.
In summary, these studies have described the cellular changes associated with the development of the gastric glands in the mouse. We demonstrated that the immature perinatal stomach contains two unusual cell types: an apparently absorptive surface cell and GSII-IF double-positive precursor cells. The Hip1r-deficient mice exhibited parietal cell apoptosis at the earliest time point studied, demonstrating that this trafficking protein is critical for parietal cell survival. A progressive epithelial cell transformation, including SPEM, occurs in these mice as they age. Our analysis suggests that the epithelial cell transformation events are secondary to the loss or dysfunction of parietal cells, which supports the important role of the parietal cell in homeostasis of the gastric mucosa. Finally, our studies demonstrate that mRNA abundance for epithelial cellspecific markers does not reach mature, steady-state levels until well after gastric gland morphogenesis is complete, suggesting that the mouse stomach does not reach homeostasis until 2 mo of age.
